If an alteration in polyamine metabolism exists in cystic fibrosis.
Serum putrescine (Pu), spermidine (Sd), spermine (Sp). and plasma diamine oxidase activity (DAO) were determined in cystic fibrosis (CF) homozygotes and heterozygotes plus age-matched controls. Mean (2S.E.) levels of Pu (0.51 f 0.06 nmoles/ml), Sd (0.63 f 0.07nmoles/ml), and S p (0.33 f 0.08 nmoles/ml) were higher ( P < 0.001) in 17 control children versus 16 healthy adults (Pu = 0.15 f 0.04, Sd = 0.14 f 0.03: S p = 0 in all). All 4 C F adults tested, but only 3 of 24 C F children, had increased polyamines relative to age-matched controls. Pu (0.33 f 0.04), Sd (0.33 f 0.05) and S p (0.16 f 0.12) were increased ( P < 0.001) in 11 adult heterozygotes; in turn, Pu (0.56 f 0.1 1: P < 0.025) and Sd (0.86 f 0.2% P < 0.005) were higher in the adult C F patients than in the heterozygotes. Plasma DAO was higher ( P < 0.001) in 45 control children (9.3 k 0.7 units/ml) versus 61 healthy adults (5.7 + 0.07). Levels r +2 S.D. for controls occurred in 8 (21%) of 39 C F patients. Plasma DAO (19 f 4.8) was increased ( P < 0.001) in 27 adult heterozygotes; 10 (37%) had values 2 +2 S.D. for normal adults. One or more polyamines and/or DAO were increased in each of 11 heterozygotes in whom all parameters were measured. These composite abnormalities might be considered as a potential means for identification of asymptomatic C F heteroSpeculation Controversy has arisen as to whether an abnormality in polyamine metabolism is present in patients with cystic fibrosis. The present data suggest that altered levels of circulating polyamines do indeed exist and represent a failure of circulating polyamines to decrease with age in individuals homozygous and heterozygous for the cystic fibrosis gene(s). The resulting increase in circulating levels of one or more-of the 3 pnlyamines studied. plus increases in the amine-metabolizing enzyme diamine oxidase, might provide one useful index for identifying adult heterozygotes.
Data from several groups of investigators suggest that an abnormality in the metabolism of polyamines is present in the autosomal recessive disorder. cystic fibrosis. In general, increased levels of putrescine and spermidine and relativeh decreased levels of spermine have been found in whole blood and in circulating red blood cells (8. 12, 17) . Controversy exists, however, in that subsequent studies have failed to show differences in whole-blood polyamine concentrations between patients with cystic fibrosis and age-matched control individuals (7, 15) . In general, the number of patients studied has been small, and the situation regarding polyamine metabolism in heterozygotes for cystic fibrosis is unclear.
Y
the mechanism for-its-occurrence also remains to-be defined. Polyamines may be metabolized through enzymatic deamination. Levels of cellular and circulating amine oxidases which are capable of such deamination have not been extensively studied. Activity of benzylamine oxidase, an enzyme present in human tissues which bears similarity to the spermine oxidase of ruminant blood (22). has been found to be normal in the circulation and fibroblasts of patients with cystic fibrosis (17). Polyamines may also be metabolized through conjugation in sites such as the liver; recently, Rosenblum et al. (18) have reported that the in vivo rate of conjugation of ['4C]spermidine was much depressed in 2 patients with cystic fibrosis.
The present study was undertaken to address two questions. First, the levels of polyamines in the circulation of patients with cystic fibrosis and obligate heterozygotes have been investigated using a sensitive assay system capable of detecting these compounds in serum. Second. circulating diamine oxidase activity (DAO) [EC 1.4.3.61 has been studied in these same individuals. This enzyme activity is another potential means for regulation of polyamine levels in that it catalyzes deamination of putrescine, a diamine product synthesized from the amino acid, ornithine, in the initial and rate-limiting step in polyamine synthesis. The data reveal that cystic fibrosis homozygotes and heterozygotes have abnormal levels of circulating polyamines and DAO activity. A composite profile of these parameters should be considered in the search for biochemical abnormalities which could identify asymptomatic carriers of the cystic fibrosis gene(s).
MATERIALS A N D METHODS BLOOD SAMPLES
All plasma and serum samples were ohtained hy routine venipuncture from patients and control individuals after obtaining informed consent. After routine separation of plasma and serum in a refrigerated centrifuge. these samples were stored at -20°C until time of assay of DAO activity and polyamine levels. The DAO activity is stable in frozen samples for at least 2 months, and the polyamines are stable indefinitely.
PATIENTS
The age, race, and sex distribution of all of the individuals comprising the present study is shown in (6), immune deficiency disorders with chronic pulmonary disease (4), recurrent pneumonia (2), and diabetes, angioneurotic edema, Wilms' tumor, and rheumatoid arthritis (1 each). The 77 normal adults studied were taking no chronic medications and had no known major medical problems, and none of the individuals were pregnant.
ASSAYS
Plasma DAO. DAO activity was determined with [3H]putrescine as a substrate as previously described in detail (2, 4) . Results are expressed in units/ml plasma where 1 unit = I pmole putrescine deaminated per hr. As in our previous studies (2), we obtained good correlation between results obtained with this method and by the method of Beaven and Jacobsen (6) using [P-3H]histamine as a substrate. Inasmuch as better discrimination is seen between high and low levels of plasma enzyme activity using the [=HI putrescine method (2) , the data given in the present study are from this assay system unless otherwise specified.
Serum Polyamine Levels. One ml of serum was placed in a round-bottom tube and lyophilized; 0.5 ml 10% trichloroacetic acid was added to this residue, and the solution was allowed to stand on ice for 30 min and then centrifuged. The supernatant was transferred into a miniaktor tube (Applied Science), and another 0.5 ml 10% trichloroacetic acid was added to the precipitate. The solution was chilled for 30 min on ice and centrifuged, and the supernatant was added to a miniaktor tube. The combined supernatant was washed twice with excess ether and then lyophilized; the solution was then hydrolyzed by adding 0.5 m16 N HCl to the powder, capping the miniaktor tube, and heating at 1 10°C for 14 to 16 hr. The hydrolysate was lyophilized, reconstituted in 150 p1 4% sulfosalicylic acid, and centrifuged. Fifty pl of the supernatant was used for subsequent chromatographic analysis.
Ion-exchange chromatographic separation of the polyamines with fluorometric detection was carried out on a Durrum D 500 amino acid analyzer (Durrum Instrument Corp., Sunnyvale, CA) as previously described (14) with modifications of the column and buffers. The column was an 11.5 cm (1.75 rnm internal diameter) stainless steel column packed with a 16% cross-linked, 10 f 1 pm, sulfonated polystyrene polymer cation exchange resin (Durrum Chemical Co., Sunnyvale, CA). Four buffers were utilized sequentially for elution of the polyamines from the column. The stock buffer (Buffer IV), used in the last step is 2.40 N potassium chloride and 0.09 N potassium citrate (pH 5.56) to which thiodiglycol (12 ml/liter) and liquified phenol (0.5 ml/liter) had been added. For the first three steps, this is diluted as follows: Buffer I, 1 part stock to 4 parts water; Buffer 11, 1 part stock to 1 part water; and Buffer 111, 4 parts stock to 1 part water. With this technique, the total recovery for each polyamine averaged 60%; the intraassay coefficient of variation is 7%, and the inter-assay value is 12%.
RESULTS

SERUM POLYAMINE LEVELS
Several important relationships are apparent when serum polyamine concentrations are considered for the different aae ranges in the subgroups studied (Fig. 1) . First, the mean lev2 of elch polyamine was significantly higher ( P < 0.001, Student's t test) in the control children than in control adults. No differences between males and females were seen in either group or for the groups of patients and heterozygotes described below. In the children, no statistical differences were observed in mean polyamine levels between those with cvstic fibrosis and normal controls. Onlv one child with cystic fibrosis had an unusually high serum vafue of spermidine (>1.2 nmoles/ml), and 3 had high values for spermine (> 1.0 nmoles/ml). However, all 4 adult cystic fibrosis patients (ages 25 to 31 years) had values for each polyamine above the highest value for a normal adult (Fig. I) . As shown by the symbols, for the cystic fibrosis patients, high levels of spermidine in general coincided with high levels of spermine; no such correlation was seen between putrescine levels and the other two amines.
Second and most importantly, the mean levels of putrescine, spermidine, and spermine were elevated in healthy individuals who are heterozygotes for the cystic fibrosis gene(s) as compared to normal adults ( P < 0.001). Spermine was not measurable by the current technique utilizing I ml of serum in any of the 16 normal adults but was measurable (range, 0.06 to 1.32 nmoles/ ml) in 7 of I I cystic fibrosis heterozygotes (Fig. 1) . Thus, the polyamine levels in the adult heterozygotes fell midway between those for children (both control and those with cystic fibrosis) and normal adults. In turn, the distribution of values for two of the polyamines, putrescine ( P < 0.025) and spermidine ( P < 0.005) was higher in the 4 adult cystic fibrosis patients than that for the heterozygotes. We considered the possibility that the polyamine levels might be lower in the heterozygotes because this group has a higher mean age than for the 4 adult cystic fibrosis patients. However, linear regression analyses of age versus the levels of putrescine and spermidine in the entire normal adult group showed no statistical evidence for a progressive decrease in levels after age 20. Furthermore, the intermediate position of the heterozygotes between the adult patients and normals is not altered when age is considered as a factor.
PLASMA DAO LEVELS
The data for plasma DAO activity for all individuals in the study are shown in Figure 2 . Despite great overlap between the two groups, the mean value for the 45 control children was significantly higher than that for the 61 control adults ( P < 0.001).
Within the control children, no differences could be found between the 29 normal individuals and the 16 children with various respiratory and other diseases, and as for the polyamine data, this group is hereafter considered as a homogenous one.
The distribution of plasma DAO activity in the patients with cystic fibrosis and in the heterozygotes differed markedly from that for both control children and normal adults. The patients . Serum polyamine levels in control children, patients with cystic fibrosis, obligate heterozygotes for cystic fibrosis, and healthy adults. IndividuaLs were randomly selected from the groups listed in Table I for measurement of each polyamine. In the control children group, 8 individuals have chronic illnesses (all chronic pulmonary disorders), and the remainder are healthy individuals; no differences were found between these groups in the control children. The symbols for individuals in the cystic fibrosis groups identify those patients with high spermine values in C so that the relationship between levels of this amine and the other two can be seen. Ages of the adult cystic fibrosis patients are also designated. Patients in the group of children with cystic fibrosis were under age 18. Statistical analyses of the data are given in the text and were obtained by performance of the Student r test. -, mean value for group; A, male control adult; A, female control adult. appear to form two groups; 8 of 39 patients (21%) had values equal to or above 18.0 units/ml (+2 S.D. point for control children), whereas values for all but one of the remainder of the patients were equal to or lower than the mean for control children. The reason for the existence of the two groups is unclear, but age may again be a factor. Three of four adult patients were in the high value group (Fig. 2) , and the mean age of the entire 8 patients in this group (19.25 years) was significantly higher ( P < 0.05 > 0.025) than that for the other 31 patients (12.5 years). In the group of heterozygotes, 10 of 28 tested (36%) had values greater than 16.0 units/ml (+2 S.D. point for normal adults); the mean value of 19 units/ml for the entire group of heterozygotes differed significantly from that (6.0 units/ml) for the normal adults (P < 0.00 1).
The distribution of DAO activity within families with cystic fibrosis was preliminarily studied. As seen in Figure 2 , considerable overlap existed between DAO values in parents of patients who had values above and below 15 units/ml. However, the mean DAO level of 39 units/ml in parents of patients with values >I5 was higher than that (10 units/ml) for parents of patients with values <I5 ( P < 0.005). Also, the mean value of DAO for the parents of patients with low activity is still significantly higher than that for the normal adults ( P < 0.005). As yet, the number of pairs of parents tested has not been large enough to more precisely define the genetic relationship for DAO activity within families having patients with cystic fibrosis. We also studied 11 families in which 2 siblings with cystic fibrosis were present. Among these sibling sets, the values tended to cluster, and we have found no instance in which one sibling fell into the very high value group and the other into the low group.
HEPARIN STIMULATION OF PLASMA DAO IN PATIENTS WITH CYSTIC FIBROSIS
Previous studies have shown that plasma DAO increases in normal individuals after IV heparin administration; the rise is proportional to the initial basal level of the enzyme activity (3, 9) . From animal studies, the source of the increased plasma DAO activity seen after heparin administration is thought to be the gastrointestinal tract (10, 20) . In the present study, 3 patients with cystic fibrosis were given an IV bolus of heparin at a dose of 10 units/kg. Two patients with high normal initial DAO activities (both, 2.4 units/ml; mean value for normals, 1.5 units/ml) as measured with the [P-3H]histamine assay had large increases (2.1 and 2.5 units/ml) whereas one with low basal level (0.4 units/ml) had no increase in plasma DAO activity. The increases for these patients bore the expected relationship to the basal levels when compared to our previously published curves (3, 9) .
CLINICAL CORRELATIONS
The patients with cystic fibrosis having DAO values above 15 versus those below 10 units/ml (Figure 2 ) and those having spermine values above 0.4 nmoles/ml versus those below (Fig. I ) were compared for the clinical features of their disease. No differences were found for overall Shwachman-Kulczycki scores, types of medications, or incidence of complications such as malabsorption, diabetes, intestinal obstruction, or degree of pulrnonary disease.
DIAGNOSTIC SIGNIFICANCE OF POLYAMINE LEVELS AND DAO ACTIVITY IN HETEROZYGOTES
The composite abnormalities in polyamine levels and DAO activity found in cystic fibrosis heterozygotes were analyzed further ( Table 2 ). Ten of 11 heterozygotes studied had increased serum concentrations of one or more of the three polyamines; the BAYLlN eleventh (individual 10) had a spermidine value > +2 S.D. from the mean for normal adults. Three of the I I heterozygotes had an absolute increase in plasma DAO activity; two others had values > +2 S.D. from the mean for normals including individual 10. In summary, all I I heterozygotes in whom both polyamines and DAO were measured could be differentiated from normal adults on the basis of their possessing abnormalties in one or more of the parameters studied.
DISCUSSlON
The data from our present study further associate an abnormality of polyamine metabolism with cystic fibrosis. The demonstration of elevated levels of circulating DAO activity, an enzyme capable of deaminating putrescine, is a new finding in this disorder. For each of the parameters we studied, the abnormalities became apparent only-when age considerations were taken into account. Normal children have significantly higher circulating levels of polyamines and DAO activity than do adults; against this background, the levels in children with cystic fibrosis did not generally differ from those of control children. A distinct abnormality in cystic fibrosis becomes apparent with increasing age, however. The polyamine and DAO activity levels have declined in normal adults whereas patients with cystic fibrosis appear to retain high levels; thus, all four adult cystic fibrosis patients have very high levels of each polyamine as compared to control adults and three of four had high DAO activity. Again, age may have played a role in the bimodal distribution of plasma DAO activity seen in the whole group of cystic fibrosis patients studied.
The abnormalities we describe in circulating polyamine and DAO concentrations may in some manner be related to the cystic fibrosis gene(s) rather than being a secondary manifestation of the disease process. Healthy cystic fibrosis heterozygotes were clearly abnormal in both parameters, and the abnormality in the polyamine levels particularly fits a recessive genetic abnormality. The distribution of serum putrescine and spermidine concentrations in adult heterozygotes, although being distinctly higher than that for adults in a similar age range, was lower than that for the small population of adult cystic fibrosis patients studied. This finding would be expected for a trait in heterozygotes as compared to homozygotes for a recessive gene disorder.
The mechanism underlying the simultaneous abnormalities of circulating polyamines and DAO in patients with cystic fibrosis and heterozygotes is not apparent from the present study. Linear regression analyses of the data (not shown) failed to indicate a significant relationship between the levels of each of the polyamines and the DAO activity. However. certain remarkable analogies are present in the age distribution of these two parameters and in their both being abnormal in the same disease state. Tissue studies may be more revealing in delineating any dynamic link between polyamine metabolism and DAO. Previous data in the rat intestine have revealed a close relationship between levels of DAO and of ornithine decarboxylase, the enzyme which catalyzes the synthesis of putrescine from ornithine; both enzyme activities increase in parallel with the degree of cellular maturation in the small intestine mucosa (5) . Our studies (20) and those of others (10) suggest that much of the circulating DAO may come from intestine in the rat; this may be true for humans as we11 (9).
In the present study, serum polyamine levels did not distinguish between most patients with cystic fibrosis and control children of a similar age range. These data are in contrast with those of some previous studies in which a high spermidine to spermine ratio has particularly been stressed. One explanation for these differences may lie in the wide range of values which we find for serum spermine concentrations in cystic fibrosis patients. The individuals with very high spermine levels are few and can easily be absent from any given study. Furthermore, previous studies performed have measured circulating polyamine levels in different types of samples. Some have involved the use of whole blood and variations in ratios of the cell types processed could play an important role. Spermine levels as compared to spermidine levels are particularly high in lymphocytes (8), for example, and variations in the yields for these cells could much alter the results obtained. As shown in our data (Fig. I) when serum is examined, although the majority of children with cystic fibrosis may have low spermine values as compared to the controls, one cannot ignore the wide distribution of values which exist and those patients with quite high spermine levels.
An important potential clinical ramification of the present study is the separation of I I heterozygotes studied from normal adults by the profile of determinations outlined in Table 2 . At present, no laboratory tests have been confirmed which readily detect the cystic fibrosis gene(s) in asymptomatic individuals. The most promising to date is the finding that abnormal circulating levels of a protein with lectin activity causes abnormal agglutination of rat red cells in vifro (I I). No one of our measurements provides delineation of the gene(s) carriers from normal. However, our results with the present profile of tests should encourage prospective studies looking at the clinical practicability of applying polyamine and DAO determinations to the identification of individuals heterozygous for the cystic fibrosis gene(s). Although pregnancy and disease states such as neoplasia and psoriasis give rise to increased urinary and circulating polyamine levels (1, 11, 13, 16, 19) and/or circulating DAO activity (1, 2), these are usually readily detectable by clinical means and should not interfere with efforts to identify healthy C F heterozygotes.
